We used the advanced technique of Fourier transform microwave spectroscopy to measure and assign the ground state rotational spectrum of anti-2,3-dimethylthiirane, and to analyse the internal rotation of the two methyl groups. The potential parameters obtained are V3 = 13.1678(21) and V] 2 = -1.6678(25) kJ/mol. The measurement and assignment of the 13 C and ?4 S isotopomers in the ground state allowed to determine the molecular structure of the heavy atom frame using the r s and ro methods.
Introduction
With this communication we continue to report on our investigations on methyl substituted oxiranes and thiiranes by Fourier transform microwave (FTMW) spectroscopy. This technique allows by its high resolution, accuracy, and sensitivity a very detailed study of the rotational spectrum. Our series of molecules started with 2,2-dimethyl-, syn-and anti-2,3-dimethyloxirane [1, 2, 3] , and 2,2-dimethylthiirane [4] , The subject of this publication is anti-2,3-dimethylthiirane, (CH3CHSCHCH3, trans butylene sulfide, TBS). In contrast to [2, 3] we will use the IUPAC nomenclature instead of the older cis/trans notation to label the steric arrangement of the methyl groups.
In the case of the substituted thiiranes, studies of the nuclear quadrupole hyperfine structure (hfs) of 33 S in natural abundance are performed and will contribute to the knowledge of the bond situation of sulfur in a three membered ring. First results of the measurements of the 33 S TBS isotopomere will be available soon [5] .
A similar study of internal rotation and structure was undertaken at the University of Valladolid in cooperation with Kiel concerning methylthiirane, CH3C2H3S [6] , additionally the hfs analysis of the 33 S methylthiirane is currently performed [7] .
Reprint requests to Prof. Dr. H. Dreizler. The series of molecules will allow to compare the barriers to hindered internal rotation in one and two methyl top molecules in different configurations. As the heavy atom structure could be determined by analyzing the spectra of isotopomers in natural abundance, slight changes of the structure may be correlated to methyl group substitution of the ring.
Experimental
The substance was prepared according to a method of Snyder, Stewart, and Ziegler [8] . A mixture of 50 mmol (3.8 ml) anti-2,3-dimethyloxriane obtained from Bayer, Leverkusen, 50 mmol KSCN and 5 ml water was stirred for 30 h in a 50 ml bulb at a temperature of 50°C. After separating and drying the organic phase with CaCl2, anti-2,3-dimethylthiirane was purified by destination. A colorless liquid of a strong smell and a boiling point of 91 °C was obtained with approx. 50% yield.
The rotational spectrum in the ground state was recorded with a molecular beam (MB) Fourier transform microwave spectrometer [9] first in a scanning mode from 7.5 to 10 GHz and 11 to 12 GHz. A mixture of 1% TBS in argon with a backing pressure of approximately 1 bar was used. After remeasuring the signals in the high resolution mode [10] , the spectrum could be assigned as no lines with higher angular momentum quantum number J overlayed the low J spectrum. With the measurement of additional transitions the assignment could be continued. The lines 0932-0784 / 96 / 1000-1099 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen Table 1 . Rotational transitions of anti-2,3-dimethylthiirane in the ground state (in MHz). 6 = ^(obs.) -i/(calc.). The frequencies are given in Table 1 .
In the same way transitions of 34 S, 13 C m (m = methyl) and 13 C r (r = ring) isotopomers could be identified and assigned. They are given in Table 2 .
The rotational lines of excited internal rotation (tor- 
Analysis
The rotational spectra in the torsional ground state could be interpreted by the fourth order centrifugal distortion Hamiltonian with Watson A reduction in the representation V [14, 15] . No splittings due to internal rotation could be observed for all ground state transitions. Their rotational and centrifugal distortion constants are compiled in Table 4 and 5, additionally the values of the 33 S isotopomer have been taken from an investigation concerning the 33 S hfs [5] . For the isotopomers the centrifugal distortion constants have been fixed to the values of the most abundant isotopomer. The data of Table 4 and 5 have been used to compare with 6 = u a b s -v ca i c the experimental and the calculated spectra in Table 1 and 2. The rotational constants of Table 4 and 5 will be the basis for a structure determination in a later chapter.
The rotational assignment of the spectra in excited torsional states was checked by the consistency of 
(B + 0/2, B k = A -(B + C)/2, B-= (B -C)J2.
n: number of observations, a standard deviation of the fit. F: Freedom parameters (see [27] ) The revised ground state constants are obtained from the measurements of [1] . the A species components of the multiplets with a centrifugal distorted rigid rotor Hamiltonian (Watson A reduction). The internal rotation analysis followed a procedure, which we call combined axis method (CAM). Details are described in [3] , they will not be repeated here. It is an extension of the Woods IAM [3, [16] [17] [18] [19] including top-top coupling terms in the potential and kinetic energy. It is based on a model consisting of a rigid frame and two rigid tops leading to two internal and three overall degrees of freedom in order to describe the internal and the overall rotation. For a better fit of the high J lines fourth order centrifugal distortion in Watson A reduction [14] has been added.
The determinable potential parameters of TBS were the coupling term V( 2 of V( 2 sin(3ri) sin(3r2) with the torsional angles T\ and t 2 (usually designated oti) in addition to V3, the height of the threefold barrier. Furthermore the polar coordinates and e x of the internal rotation axis of the top i, (i = 1,2) with respect to the principal axes were determined [3] . The moment of inertia of the tops I T (=I a ) has been fixed to the value of anti-2,3-dimethyloxirane ( of [3] ). The internal rotation parameters are given in Table 6 , together with some derived parameters: the angles /. (g,i) , g = a,b,c, the internal rotation constant F, the kinetic coupling parameter F i2 , and the reduced barrier s. The ÖA = Au obs -AS ca i c values of Table 3 were calculated with the parameters of Table 5 and 6. The dipole moment of TBS was determined with the JK-K+ = 2 1 2 -1 0 1 transition using a conventional Stark spectrometer with Stark voltages of 125, 150, and 175 V. Second order Pertubation theory was used to analyze the splittings. Due to the C2 symmetry, TBS possesses only one dipole moment component in b direction with a magnitude of 2.13(2) Debye.
Structure
The ground state rotational constants of the five isotopomers given in Table 4 and 5 are an information to determine the structure of the molecule. A picture of the molecule is given in Figure 1 . Following [20], the r s structure of the heavy atom frame was calculated. The cartesian coordinates in the principal axis system are given in Table 7 . For sulfur two values result for 33 S and 34 S. The mean value was used to derive the bond lengths and angles of Table 8 . The given errors were estimated according to van Eijck [21 ] .
In a second procedure the 7*0 structure [20] was determined using the program rulllj written by Fig. 1 . Anti-2,3-dimethylthiirane and the principal inertia axes a, b, and c. The 6-axis is the Ci-axis. Table 7 . Cartesian coordinates (in A) of anti-2,3-dimethylthiirane in the principal axis system of the 32 S isotopomer. The errors of the r s coordinates are estimated according to [21] . Rudolph [22] . As the rotational constants of the heavy atom substituted isotopomers were not sufficient to determine the position of the hydrogen atoms, structural parameters for bond lengths and angles were assumed. For the methyl group a distance C m -H m = 1.09 A and an angle ZC r -C m -H m = 109.4° were taken. The parameters for the hydrogens attached to the ring were derived from the reported structure of thiirane [23] . We fitted the heavy atom structure directly to the rotational constants, furthermore we assumed all rotational constants to have the same statistical weight and to be uncorrected. The results were included in Table 7 and 8. Also the values of the angles between the internal rotation axes, assumed collinear to the C r -C m bond, and the axes of inertia are included for comparison with results of the internal rotation analysis given in Table 6 . In a following publication on 2,2-dimethyloxirane we will give a comparison of the structures obtained for the methyl substituted oxiranes and thiiranes.
Discussion
The internal rotation analysis of the two torsional excited states together yielded values for the potential barrier V 3 and the potential top-top coupling term Vj2 (other names are V 3 ' 3 or V' ss ). The value of V^ could not be determined because, in contrast to anti-2,3-dimethyloxirane [3] , the ground state transitions showed no internal rotation splittings.
The parameter V 3 describes mainly the height of the potential barrier for a 120 degree rotation of one methyl group. Comparing the value of 13.168 (2) kJ/mol with the value of anti-2,3-dimethyloxirane (10.52 kJ/mol), it turns out that the barrier of TBS is about 27% larger. This relative difference is in agreement with the values of metyhlthiirane [6, 24] and -oxirane [25] (26 % larger) and with 2,2-dimethylthiirane [4] and -oxirane [1] (33% larger). A compilation of the potential parameters is given in Table 9 .
The effect in the spectra of the potential top-top coupling parameter V{ 2 , together with the kinetic interaction term F\2, is to split the symmetric {v\i = 1) and the antisymmetric (v 33 = 1) torsional modes Table 6 were used. The deformation of the surface is produced by the potential coupling term V( 2 -The minima are designated by L, the maximas by H. specified under the group C 2 . The estimated magnitude of this splitting is about 56 cm -1 , but this value has to be experimentally verified by vibrational spectroscopy. Figure 2 shows the potential energy surface of TBS. It can be seen that the valleys are stretched in the diagonal direction (T\ -T 2 = const) and are narrowed in the antidiagonal direction (T\ +t 2 = const).
In the hypothetical case without any potential V{ 2 = 0 and kinetic coupling F\ 2 = 0, the symmetric and antisymmetric torsional motions are degenerate. In this case the potential surface becomes isotropic, with circular potential walls around the minimas. This corresponds to an isotropic two dimensional oscillator in the high barrier limit.
In our case the degeneracy is lifted; near the minimas the potential surface can be approximated by a two axis elliptical paraboloid with two eigenvectors pointing in the diagonal and antidiagonal direction. The curvature at the minimum is smaller in the diagonal direction, the antidiagonal direction has a larger curvature. Two normal modes with different force constants result, where the diagonal mode has a smaller force constant than the antidiagonal mode.
The diagonal or symmetric mode, lower in energy, is connected in the mode picture to an antigearing [26] of the methyl groups. As it is lower in energy, the tunnelling is less probable. For the antisymmetic mode the energy level is higher. Here the mode picture reminds to a gearing of the methyl groups, which favours tunnelling. This semi-classical picture should be used with caution.
Comparing the magitude of the V{ 2 parameters for several molecules, the large absolute value of V{ 2 of TBS is remarkable. The value of V{ 2 = -1.668 kJ/mol is four times larger than the value of the analogous oxirane [3] (V,' 2 =-0.424 kJ/mol); furthermore the absolut value of V{ 2 of TBS is higher than that of 2,2-dimethylthiirane (-1.26 kJ/mol) and its analogon 2,2-dimethyltoxirane (-1.08 kJ/mol). One expects that TBS should have a value similar to the analogous oxirane because the positions of the methyl groups is not changed considerably. Furthermore it was expected that the top-top coupling of molecules were the methyl groups are attached to the same atom (e. g. 2,2-dimethyloxirane/thiirane), contributes more to the potential function. This is true for the oxiranes, but the value of TBS here appears much to large.
A possible explanation of the magnitude of V{ 2 can be found in the interaction of a torsional mode with another vibrational motion of the molecule. In our case a frequency calculation with Gaussian 92 showed that the lowest vibration is the symmetric bending of the molecule, which may interfer with the symmetric torsion. An interaction shifts the symmetric torsional motion to lower energy, therefore a larger distance between both torsional modes is achived. In our simplified model without considering other vibrations, the enlarged distance between these modes leads to an increased magnitude of the V{ 2 parameter. To obtain an accurate potential surface of TBS, it would be necessary to include this bending motion, but neither the experimental data nor the theoretical background is presently available.
